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This study aims to investigate the effect of mica content on the mechanical properties of clays.
Commercially available ground mica was blended with a locally available clayey soil, at varying mica
contents by mass of 5%, 10%, 15%, 20%, 25% and 30%, to artificially prepare various micaceous clay blends.
The preliminary testing phase included consistency limits and standard Proctor compaction tests. The
primary testing program consisted of unconfined compression (UC), direct shear (DS) and scanning
electron microscopy (SEM) tests. The test results showed that the liquid and plastic limits exhibited a
linear, monotonically increasing trend with increase in mica content. The rate of increase in the plastic
limit, however, was found to be greater than that of the liquid limit, thereby leading to a gradual
transition towards a non-plastic, cohesionless character. The soft, spongy fabric and high water demand
of the mica mineral led to higher optimum water contents and lower maximum dry unit weights with
increasing mica content. Under low confinement conditions, i.e. the UC test and the DS test at low normal
stresses, the shear strength was adversely affected by mica. However, the closer packing of the clay and
mica components in the matrix under high confinement conditions offsets the adverse effects of mica by
inducing frictional resistance at the shearing interface, thus leading to improved strength resistance.
� 2019 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The mica group of sheet silicates is among the most widely
distributed minerals around the world; they generally occur in
igneous, sedimentary and certain metamorphic rocks (Harvey,
1982; Galán and Ferrell, 2013). Although the compositions and
properties of mica minerals vary depending on their geological
formation and climatic conditions, the unique platy structure, high
elasticity and nearly-perfect basal cleavage (owing to the hexagonal
sheet-like arrangement of mica atoms) are the common features
which demand further attention (Zhang et al., 2019). Where mica
minerals are separated from their host rocks, these features may
affect naturally weathered soils, thus leading to some adverse
changes in the mechanical behavior of such soils.

Due to the extremely elastic properties of mica minerals,
attributed to mica’s soft, spongy fabric, the micaceous soils in
particular micaceous clays may deform remarkably under applied
load and hence affect the bulk compressibility of such soils. Mica
ang).
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
by-nc-nd/4.0/).
minerals, although rather resilient, may gradually recover their
initial shape due to the elastic rebound (or springy action), thereby
reducing the efficiency of compactive effort and hence potentially
compromising the performance of various facilities constructed on
micaceous clays (Weinert, 1980). When such soils are unloaded,
elastic rebound is likely to occur, resulting in undesirable volu-
metric expansion in the matrix. During compression, tension or
shearing, the mica particles tend to rotate and orient themselves in
a somewhat parallel fashion (attributed to mica’s platy shape),
thereby resulting in low strength resistance in micaceous soils
(Harris et al., 1984). In this instance, micaceous soils are basically
characterized by high compressibility, poor compactibility and low
shear strength; such attributes present significant challenges for
road construction, building foundations, earth dams and other
geotechnical engineering systems, as reported in several countries
around the world (e.g. Mitchell et al., 1975; Gogo, 1984; Northmore
et al., 1996; Paige-Green and Semmelink, 2002; Netterberg et al.,
2011).

The majority of documented studies have addressed the me-
chanical responses of coarse-grained micaceous soils (e.g. Tubey,
1961; Tubey and Bulman, 1964; Moore, 1971; Tubey and Webster,
1978; Harris et al., 1984; Ballantine and Rossouw, 1989; Clayton
et al., 2004; Mshali and Visser, 2012, 2014; Zhang et al., 2019). To
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Table 2
Physical and chemical properties of ground mica.

Properties Value

Physical Appearance Fine white powder
Specific gravity of solids, Gs

M 2.8
Fines (<75 mm) (%) 93
Sand (0.075e4.75 mm) (%) 7
Particle diameter, D90 (mm) 53.6
Specific surface area, Sa (m2/g) 5.3
Natural water content, wN (%) 0.41
Hardness (Mohs) 2.5

Chemical SiO2 (%) 49.5
Al2O3 (%) 29.2
K2O (%) 8.9
Fe2O3 (%) 4.6
TiO2 (%) 0.8
MgO (%) 0.7
Na2O (%) 0.5
CaO (%) 0.4
Acidity, pH value (20% slurry) 7.8
Oil absorption (mL/100 g) 36
Loss on ignition, LoI (at 1000 �C) (%) <6
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the authors’ knowledge, however, there are still limited studies
involving themechanical behaviors of fine-grainedmicaceous soils.
Of those examining fine-grained micaceous soils, no relationship
was developed between the mica content and the mechanical
behavior of these soils. Meanwhile, the ever-increasing need to
expand urban areas to satisfy population growth and industriali-
zation has required additional land, and in some cases, land with
suboptimal soil properties. The utilization of local materials, one
being micaceous clays, may eliminate the costs associated with
transporting new materials from other locations. Therefore, the
potential reuse of micaceous soils, and micaceous clays in partic-
ular, can lead to improved efficiencies and enhanced infrastructure
performance, if an in-depth understanding of their geotechnical
properties can be obtained.

The present study seeks to investigate the effect of mica content
on the mechanical properties of clays. A test programwas designed
and conducted, which consisted of two phases, namely preliminary
and primary tests. The preliminary testing phase included consis-
tency (Atterberg) limits and standard Proctor compaction tests, and
the primary tests consisted of unconfined compression (UC) and
direct shear (DS) tests. Moreover, scanning electron microscopy
(SEM) studies were carried out to observe the evolution of fabric in
response to the mica inclusions, and thus perceive clayemica
interactions.
2. Materials

2.1. Clayey soil

Locally available reddish-brown clay was used for this study; it
was sourced from a landfill site located near Adelaide, South
Australia. The physical properties of the clay soil, hereafter simply
referred to as the natural soil, were determined as per relevant
American Society for Testing Materials (ASTM) and Australian
Standards (AS), and the results are summarized in Table 1. The
conventional grain size analysis (ASTM D422e63(2007)e2, 2007)
indicated a clay fraction (<2 mm) of 37%, along with 32% silt (2e
75 mm) and 32% sand (0.075e4.75mm). In terms of consistency, the
liquid limit and plasticity index were, respectively, measured as
wL¼ 46.21% and IP¼ 28.1%; the soil was hence classified as clay with
intermediate plasticity (CI) in accordance with the Unified Soil
Classification System (USCS). The standard Proctor compaction test,
carried out as per ASTM D698e12e2 (2012), indicated an optimum
Table 1
Physical properties of the natural soil.

Properties Value Standard designation

Specific gravity of solids, Gs
S 2.74 ASTM D854e14 (2014)

Grain size
distribution

Clay (<2 mm) (%) 37 ASTM D422e63(2007)e2
(2007)

Silt (2e75 mm) (%) 32 ASTM D422e63(2007)e2
(2007)

Sand (0.075
e4.75 mm) (%)

32 ASTM D422e63(2007)e2
(2007)

Consistency
limits and
classifications

Liquid limit, wL (%) 46.21 AS 1289.3.9.1e15 (2015),a

Plastic limit, wP (%) 18.11 AS 1289.3.2.1e09 (2009),b

Plasticity index, IP (%) 28.1 AS 1289.3.3.1e09 (2009)
USCS classification CI ASTM D2487e11 (2011)

Compaction
characteristics

Optimum water
content, wopt (%)

22.04 ASTM D698e12e2 (2012)

Maximum dry unit
weight, gdmax (kN/
m3)

16.21 ASTM D698e12e2 (2012)

a Cone penetration method.
b Rolling thread method.
water content of wopt ¼ 22.04% corresponding to a maximum dry
unit weight of gdmax ¼ 16.21 kN/m3.

2.2. Ground mica

Commercially available ground mica, sourced from a local
distributor, was used to artificially prepare various micaceous clay
blends. The physical and chemical properties of the groundmica, as
supplied by the manufacturer, are summarized in Table 2. In terms
of grain size distribution, the ground mica consisted of a fines
fraction (<75 mm) of 93%, along with 7% sand (0.075e4.75 mm).
The specific gravity of the mica particles was found to be Gs

M ¼ 2.8,
which is quite similar to that of natural fine-grained soils including
the one used in the present study, i.e. Gs

S ¼ 2.74. Other physical
properties included a specific surface area of Sa ¼ 5.3 m2/g. The
chemical composition of the ground mica was found to be domi-
nated by silicon dioxide (SiO2) and aluminum trioxide (Al2O3) with
mass fractions of 49.5% and 29.2%, respectively. In terms of acidity,
the ground mica slurry was classified as a neutral substance cor-
responding to a pH value of 7.8.

3. Experimental work

In this study, a total of seven soilemicamix designs consisting of
one control, the natural soil, and six micaceous clay blends were
examined (see Table 3). Hereafter, the coding systemMx, where x is
the mica content or Mc and x ¼ {0, 5, 10, 15, 20, 25, 30}, is used to
designate the various mix designs; the mica content was defined as
the groundmica to the natural soil mass ratio. As such, ‘M0’ refers to
Table 3
Soilemica mix designs and their properties.

Group Mica
content, Mc (%)

Designation wopt (%)a gdmax (kN/m3)a eopt
a

Controlb 0 M0 22.04 16.21 0.658
Mica-blended 5 M5 22.52 15.94 0.688

10 M10 23.33 15.63 0.723
15 M15 24.33 15.25 0.768
20 M20 25 15.01 0.798
25 M25 25.8 14.89 0.815
30 M30 26.5 14.7 0.841

Note: eopt ¼ Optimum void ratio.
a Initial placement condition for the UC, DS and SEM tests.
b Natural soil.



Fig. 1. Variations of the dry unit weight (DUW) along the height of the statically
compacted samples: (a) M0; (b) M10; (c) M20; and (d) M30.

Fig. 2. Variations of the consistency limits, including liquid limit, plastic limit and
plasticity index, against mica content for the tested mix designs.
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the natural soil with no mica inclusion (or Mc ¼ 0), and ‘M30’, for
instance, refers to a soilemica blend containing 30% mica by dry
mass of the natural soil (or Mc ¼ 30%). The preliminary testing
phase included a series of consistency (Atterberg) limits (as per AS
1289.3.9.1e15 (2015), AS 1289.3.2.1e09 (2009) and AS 1289.3.3.1e
09 (2009)) and standard Proctor compaction (as per ASTM D698e
12e2 (2012)) tests, and the results are partially summarized in
Table 3. The primary testing program consisted of UC, DS and SEM
tests. The methodologies associated with each component of the
primary testing program, as well as the sample preparation tech-
niques, are discussed in detail below.

3.1. Sample preparation

Samples used for the UC and DS tests were prepared by the
static compaction technique, as commonly adopted in the literature
for fine-grained geomaterials (e.g. Estabragh et al., 2016a; Soltani
et al., 2018a, b), at the corresponding standard Proctor optimum
condition of each mixture, i.e. the optimum water content and the
maximum dry unit (see wopt and gdmax in Table 3). The natural soil
and ground mica were blended in dry form as per the selected mix
designs outlined in Table 3, i.e.Mxwhere x¼ {0, 5,10,15, 20, 25, 30}.
Mixing was carried out for approximately 5 min to gain visible
homogeneity of the soil and mica particles. The required volume of
water corresponding to the desired optimum water content (see
wopt in Table 3) was added to each blend and thoroughly mixed by
hand for approximately 15 min; extensive care was dedicated to
pulverizing the clumped particles, targeting homogeneity of the
moist mixtures. The moist mixtures were then sealed in plastic
bags and were allowed to cure for approximately 24 h to ensure an
even distribution of moisture throughout the mixtures’ mass. It
should be noted that the artificial soilemica blends exhibited the
same typical texture, sheen and friability properties as natural
micaceous soils reported in the literature, and thus may well pro-
vide a basis for systematically studying the effect ofmica content on
the mechanical behavior of fine-grained soils. A conventional split
mold, similar to that described by Soltani et al. (2017a) and Zhang
et al. (2019), was designed and fabricated from stainless steel to
accomplish static compaction. The split mold consisted of three
sections, i.e. the top collar, themiddle section and the bottom collar.
The middle section measures 50 mm in diameter and 100 mm in
height; it accommodates the compacted sample for the UC test (see
Section 3.2). Each of the seven moist mixtures was statically com-
pressed in the mold (at a constant displacement rate of 1.5 mm/
min) in five layers to a specific compaction load, each layer having
attained its target maximum dry unit weight (see gdmax in Table 3).
Samples for the DS tests (see Section 3.3) were prepared in a similar
fashion to that described above; however, the moist mixtures were
directly compacted in the shear box (measuring 60mm� 60mm in
plane and 20 mm in height) in three layers (Soltani et al., 2019a, b).

To ensure consistency in void ratio (or porosity) and hence uni-
formity of fabric, particularly with regard to the samples prepared for
the UC tests, the variations of dry unit weight (DUW) and water
content (WC) should bemeasured along the height of the compacted
samples (Estabragh and Javadi, 2008; Zhang et al., 2019). In this re-
gard, representative samples, namely M0 (natural soil),M10,M20 and
M30 were examined, and the results are provided in Fig. 1. For all four
cases, the variations of both DUW and WC were found to be rather
marginal, as is evidentwith the low standard deviations (SDs), which
in turn corroborates the suitability and hence repeatability of the
implemented static compaction technique.

3.2. Unconfined compression test

UC tests were carried out on the natural soil (M0) and various
soilemica blends,Mx where x¼ {5, 10, 15, 20, 25, 30}, in accordance
with the ASTM D2166/D2166M�16 (2016) standard. The samples,



Fig. 3. Soilemica mix designs illustrated on Casagrande’s plasticity chart.
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prepared as per Section 3.1, were axially compressed at a constant
displacement rate of 1 mm/min (¼ 1%/min), as suggested in the
literature (e.g. Estabragh et al., 2016b; Soltani et al., 2017a, b). For
each sample, the axial strains and the corresponding axial stresses
were recorded at various time intervals to a point at which the
maximum axial stress required for sample failure, the peak UC
strength, and its corresponding axial strain, a measure of the
sample’s ductility, were achieved. To ensure sufficient accuracy,
triplicate samples were tested for each mix design, and the median
value was considered for further analyses. The standard deviation
(SD) and the coefficient of variation (CV) for the triplicate peak UC
strength data were found to range between SD ¼ 3.37 kPa (for M0)
and 7.65 kPa (forM20), and CV¼ 1.82% (forM0) and 8.06% (forM30);
the low SD and CV values corroborate the repeatability of the
adopted sample preparation technique (particularly the static
compaction), as well as the implemented UC testing procedure
(Zhao et al., 2019; Zhang et al., 2019). On account of the three
replicates adopted for each mixture, a total of 21 UC tests were
carried out to address the seven mix designs outlined in Table 3.
3.3. Direct shear test

Unconsolidated undrained (UU) DS tests were carried out on the
natural soil (M0) and various soilemica blends,Mx where x¼ {5, 10,
Fig. 4. Standard Proctor compaction results for the tested mix d
15, 20, 25, 30}, in accordance with the AS 1289.6.2.2e98 (1998)
standard. As outlined in Section 3.1, the various mixtures were
statically compacted in the shear box, measuring 60 mm � 60 mm
in plane and 20 mm in height, at their respective standard Proctor
optimum condition (see wopt, gdmax and eopt in Table 3); they were
then tested for shear strength at varying normal stresses of
sn ¼ 100 kPa, 200 kPa, 300 kPa and 400 kPa. A high shear rate of
1 mm/min (¼ 1.67%/min) was adopted for the shearing phase to
minimize both drainage and excess pore water pressure effects
(Sezer et al., 2006; Bai and Liu, 2012; Qu and Zhao, 2016). For each
DS testing scenario, the shear stresses were recorded as a function
of the horizontal displacements up to a total displacement of
10 mm to quantify and hence perceive the stressedisplacement
response at both peak and post-peak conditions. Finally, the con-
ventional MohreCoulomb failure criterion, using a total stress
approach, was implemented to arrive at the apparent shear
strength parameters, namely the cohesion and the angle of internal
friction (Al-Aqtash and Bandini, 2015; Soltani et al., 2019a, b). On
account of the four normal stresses applied for eachmixture, a total
of 28 DS tests were carried out to address the seven mix designs
outlined in Table 3.
3.4. Scanning electron microscopy studies

The SEM technique was implemented to observe the evolution
of fabric in response to the mica inclusions. In this regard, typical
mix designs consisting of the natural soil (M0), M5 and M30 were
examined. The desired samples, which were prepared in a similar
fashion to that described for the UC test (see Section 3.1), were first
air-dried for approximately 14 d. The desiccated samples were
carefully fractured into small cubic-shaped pieces measuring
approximately 1 cm3 in volume, as suggested in the literature (e.g.
Mirzababaei et al., 2009; Estabragh et al., 2016b; Soltani et al.,
2018b). The fractured samples were then scanned by means of
the Philips XL20 scanning electron microscope (Amsterdam, the
Netherlands) at various magnification ratios ranging from 250� to
20,000�. It should be mentioned that the microstructure analyses
were carried out using a SEM characterization scheme developed
by Soltani et al. (2018b) and Zhang et al. (2019).
4. Results and discussion

4.1. Effect of mica content on soil consistency

Fig. 2 illustrates the variations of the consistency limits,
including liquid limit wL, plastic limit wP, and plasticity index IP (¼
wL e wP), against mica content Mc for the tested mix designs. The
esigns: (a) Compaction curves; and (b) Path of optimums.



Fig. 5. Variations of the optimum water content (OWC) and the maximum dry unit
weight (MDUW) against mica content for the tested mix designs.

Fig. 6. UC stressestrain curves for the natural soil and various soilemica blends.
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mica content was positively proportional to the liquid and plastic
limits, and both consistency limits followed a linear, monotonically
increasing trend with respect to mica content. Interestingly, the
rate of increase in wP (with respect to Mc) was found to be
Fig. 7. Variations of (a) the strain energy at peak Eu and (b) the elastic stiffness modulus E50
tested samples.
approximately three-fold greater than that of wL, i.e. DwP/
DMc ¼ 0.899 compared with DwL/DMc ¼ 0.263. As a result, the
plasticity index experienced a linear, monotonically decreasing
trend with respect to mica content (decrease rate was DIP/
DMc ¼ �0.635), thereby signifying a gradual transition towards a
non-plastic, cohesionless (NP) character. In terms of the plastic
limit, for instance, the natural soil (M0) resulted in wP ¼ 18.11%,
while the inclusion of 5%, 10%, 15%, 20%, 25% and 30% mica (M5 to
M30) resulted in higher values of wP ¼ 20.61%, 24.01%, 29.71%,
32.18%, 38.92% and 45.11%, respectively. The soft, spongy fabric
(and hence high elasticity) of mica minerals makes for a rather
difficult, if not impossible, implementation (and hence
reproducibility) of the rolling thread method for plastic limit
measurements. Even though mica inclusion would theoretically
lead to an increased plastic limit, one cannot arrive at a certain/
unique value with confidence by following the current
methodology (Tubey and Bulman, 1964). Despite several attempts
by different operators, a notable variability, as much as �8% water
content, seemed to dominate the plastic limit measurements,
thereby suggesting the inapplicability of the current consistency
limits framework, the rolling thread method in particular, for fine-
grained micaceous soils. The plasticity index often serves as a
measure of the soil’s apparent cohesion, with higher values mani-
festing a more cohesive character (Sridharan and Prakash,1999). As
such, a decrease in the plasticity index, as is the case with mica
inclusion, signifies a potential reduction in the soil’s apparent
cohesion and hence its undrained shear strength. This hypothesis
will be further examined (and confirmed) by means of the UC and
DS tests, and the results of which will be presented in Sections 4.3
and 4.4, respectively.

Fig. 3 illustrates the location of the seven soilemica mixtures on
Casagrande’s plasticity chart. As demonstrated in the figure, the
variations of IP againstwL follows a linear path, diagonal to the ‘A’ and
‘U’ lines of the plasticity chart (see the arrowed line in Fig. 3); the
linear relationship can be expressed as IP¼�2.37 (wLe 57.54) where
coefficient of determination is R2 ¼ 0.988. Most documented studies
in this context, such as Tubey (1961), have noted a nonlinear tran-
sition over the IPewL space, which contradicts that observed in the
present study. The natural soil (M0) was characterized as CI “clay with
intermediate plasticity”. An increase in mica content, however, grad-
ually transitioned the soil towards the MI “silt with intermediate
plasticity” and MH “silt with high plasticity” categories, as shown by
the arrowed line in Fig. 3. In this case, the inclusion of 5%, 10%, 15%,
20%, 25% and 30% mica (M5 to M30) changed the original CI classifi-
cation to CI, CI, MI, MI, MH and MH, respectively. Given the observed
trend, a further increase in mica content could potentially result in
wP values equal to or greater than wL, and thus give rise to null or
, along with the corresponding peak UC strength values qu, against mica content for the



Fig. 8. DS stressedisplacement curves for the tested mix designs: (a) M0; (b) M5; (c) M10; (d) M15; (e) M20; (f) M25; and (g) M30.
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negative IP (¼ wL e wP) values, implying an NP behavior. It should be
noted that the gradual transition towards the NP character has also
been recognized by previous researchers such as Tubey (1961) and
Mshali and Visser (2012, 2014).
4.2. Effect of mica content on soil compaction

Standard Proctor compaction curves, along with representative
saturation lines (for Gs

S ¼ 2.74), are illustrated in Fig. 4a for the



Fig. 9. Variations of the shear strength, at varying normal stresses, against mica
content for the tested samples.
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tested mix designs. With an increase in mica content, the
compaction curve experienced a notable downwarderightward
shift, suggesting an increase in the optimum water content wopt
and a decrease in themaximum dry unit weight gdmax. The peak (or
optimum) point for all mixtures was found to lie between SR ¼ 80%
and 100% saturation lines (see Fig. 4b), which is consistent with that
commonly reported in the literature for natural fine-grained soils
(e.g. Pandian et al., 1997; Sridharan and Nagaraj, 2005; Soltani et al.,
2019c). Moreover, the peak points followed a linear decreasing
trend with an increase in mica content Mc (see the arrowed line in
Fig. 4b), thereby signifying the existence of a linear relationship for
both wopt and gdmax with Mc.

Fig. 5 presents the variations of the compaction characteristics
(wopt and gdmax) against mica content Mc for the tested mix de-
signs. An increase in mica content resulted in higher optimum
water contents, which followed a linear, monotonically increasing
trend with an increase rate of Dwopt/DMc ¼ 0.154. In contrast, the
maximum dry unit weight exhibited a linear, monotonically
decreasing trend with a decrease rate of Dgdmax/DMc ¼ �0.052.
The natural soil (M0) resulted in wopt ¼ 22.04% (corresponding to
gdmax ¼ 16.21 kN/m3), while the addition of 5%, 10%, 15%, 20%, 25%
Fig. 10. Variations of the shear strength parameters (cohesion c and angle of internal
friction f) against mica content for the tested samples.
and 30% mica (M5 to M30) resulted in wopt ¼ 22.52%, 23.33%,
24.33%, 25%, 25.8% and 26.5% (corresponding to gdmax ¼ 15.94 kN/
m3, 15.63 kN/m3, 15.25 kN/m3, 15.01 kN/m3, 14.89 kN/m3 and
14.7 kN/m3), respectively. Compaction problems associated with
micaceous soils can be attributed to mica’s high water demand, as
well as its soft, spongy fabric (Tubey, 1961; Tubey and Webster,
1978; Ballantine and Rossouw, 1989; Mshali and Visser, 2012,
2014). Mica minerals rebound when unloaded and hence offset
a portion of the compaction energy applied to the mixtures, thus
yield a lower maximum dry unit weight (or higher void ratio). The
higher void ratio, which is proportional to the mica content,
suggests the existence of a series of inter- and intra-assemblage
pore-spaces, respectively, formed between and within the clay
aggregates; these pore-spaces facilitate the adsorption of water
by clay particles, and thus may potentially result in some adverse
behaviors, e.g. increased swelling, low strength resistance and
high permeability.

4.3. Effect of mica content on UC strength

Stressestrain curves, obtained from the UC tests, are provided in
Fig. 6 for the tested samples. The stressestrain locus for the natural
soil sample exhibited a strain-hardening behavior and hence a
rather robust, non-brittle failure. As a result of mica inclusion, the
stressestrain response progressively transitioned towards a strain-
softening character and hence a more dramatic, brittle failure. The
peak UC strength was inversely dependent on the mica content,
with higher mica contents exhibiting lower peak UC strength
values. The natural soil (M0) resulted in a peak UC strength of
qu¼ 186.17 kPa, while the addition of 5%,10%,15%, 20%, 25% and 30%
mica (M5 to M30) resulted in lower values of 144.9 kPa, 126.41 kPa,
102.89 kPa, 98.05 kPa, 94.11 kPa and 93.12 kPa, respectively.
Interestingly, low mica contents, as low as Mc ¼ 5%, could raise
serious strength concerns when presented in the soil matrix. The
failure axial strain, denoted as εu, is an indicator of the material’s
ductility, with higher values suggesting a more ductile character
(Estabragh et al., 2017; Soltani et al., 2017b; Zhao et al., 2019). Much
like qu, εu was also adversely affected by mica content, indicating a
major reduction in the soil’s ductility when paired with the mica
mineral. As a typical case, the natural soil sample or M0 yielded at
εu ¼ 11.09%, while the sampleM30 led to εu ¼ 5.48%, which signifies
a notable two-fold reduction in the soil’s ductility.

The area under a typical UC stressestrain curve up to the failure/
peak point, denoted as Eu, is defined as strain energy at peak (or
energy adsorption capacity); it serves as ameasure of the material’s
toughness (Maher and Ho, 1994; Mirzababaei et al., 2013). Fig. 7a
illustrates the variations of Eu, along with the corresponding qu
values, for the tested samples. The strain energy at peak followed a
trend similar to that observed for the peak UC strength, meaning
that the greater the mica content, the lower the Eu value. As
demonstrated in Fig. 7a, both qu and Eu exhibited an exponential
tendency for reduction with respect to Mc. Lower strain energy at
peak values suggests a decrease in the failure axial strain and/or the
peak UC strength (Soltani et al., 2019b). With regard to various
soilemica blends, both parameters εu and qu decrease with an in-
crease in mica content and hence contribute to lower Eu values. As a
typical case, the natural soil sample (M0) resulted in Eu ¼ 16.52 kJ/
m3, while the sample M30 resulted in Eu ¼ 3.24 kJ/m3, which in-
dicates a five-fold reduction in the soil’s energy adsorption capacity
or toughness.

The secant modulus at 50% of the peak UC strength, commonly
referred to as the elastic stiffness modulus and denoted as E50
(Radovic et al., 2004; Iyengar et al., 2013; Zhao et al., 2019), was also
calculated for the tested samples, and the results are provided in
Fig. 7b. All mica-blended samples exhibited lower E50 values
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compared with that of the natural soil, indicating a reduced ma-
terial stiffness as a result of mica inclusion. Much like qu and Eu, the
tendency for reduction in E50 followed an exponential trend with
respect to Mc. The natural soil (M0) resulted in E50 ¼ 6.65 MPa,
while mica inclusions of 5%, 10%, 15%, 20%, 25% and 30% (M5 toM30)
resulted in lower values of 5.7 MPa, 4.68 MPa, 4.08 MPa, 3.03 MPa,
2.78 MPa and 2.65 MPa, respectively.

4.4. Effect of mica content on shear strength

Stressedisplacement curves, obtained from the DS tests at
varying normal stresses, are provided in Fig. 8aeg for the natural
soil (M0) and various mica-blended samples containing 5%, 10%,
15%, 20%, 25% and 30%mica (M5 toM30), respectively. In most cases,
the stressedisplacement response exhibited a riseeplateau
behavior without visually detectable peak points, thereby signi-
fying a strain-hardening behavior. This effect, however, was slightly
less pronounced for samples of higher mica contents, such as M25
and M30, particularly at higher normal stresses, e.g. see
sn ¼ 300 kPa and 400 kPa in Fig. 8f and g. Much like natural fine-
grained soils, the stressedisplacement response for a given mica
content was dependent on the applied normal stress, with higher
normal stresses exhibiting higher shear strength values. It should
be noted that the shear strength, denoted as sp, was defined as the
maximum shear stress attained within the 6e10 mm displacement
Fig. 11. SEM micrographs for the tested s
region (Liu and Evett, 2009). At a normal stress of sn ¼ 100 kPa, for
instance, the natural soil (M0) and the samples blendedwith 5% and
30% mica (M5 and M30) resulted in sp ¼ 97.44 kPa, 94.61 kPa and
81.42 kPa, respectively. Where sn ¼ 400 kPa, these values increased
to 145.84 kPa, 144.07 kPa and 191.16 kPa, respectively.

Fig. 9 illustrates the variations of shear strength, at varying
normal stresses, against mica content for the tested samples. At a
given normal stress, the variations of shear strength followed a
nearly linear path with respect to mica content Mc. At normal
stresses equal to or less than 200 kPa, sp exhibited a linear,
monotonically decreasing trend with respect to Mc, while the
opposite occurred at higher normal stresses of 300 kPa and
400 kPa. The former, sn ¼ 100 kPa and 200 kPa, is consistent with
the results obtained from the UC tests which, in essence, is a low-
confinement strength test (see Fig. 6). The rate of decrease or
increase in sp with respect to Mc, i.e. h ¼ Dsp/DMc, was strongly
dependent on the applied normal stress; the higher the applied
normal stress, the higher the value of h. As demonstrated in Fig. 9,
at sn¼ 100 kPa and 200 kPa, hwas obtained as�0.463 and�0.041,
respectively. When sn ¼ 300 kPa and 400 kPa, however, h tran-
sitioned towards the positive values of 1.173 and 1.767, respec-
tively. Interestingly, micaceous soils, though inherently
characterized as low-grade, problematic soils, may be deemed
suitable under high confinement conditions. At sn ¼ 100 kPa, for
instance, the natural soil (M0) and the sample blended with 30%
amples: (a) M0; (b) M5; and (c) M30.
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mica (M30) resulted in sp ¼ 97.44 kPa and 81.42 kPa, respectively
(i.e. 16.44% reduction in sp). When sn ¼ 400 kPa, these values
changed to 145.84 kPa (for M0) and 191.16 kPa (for M30), which
suggested a 31.08% increase in sp. Improvement in the shear
strength due to confinement can be attributed to the closer
packing of the clay and mica components in the matrix. An in-
crease in normal stress (or confinement) leads to a greater contact
level between the clay and mica particles, which contributes to an
induced frictional resistance at the shearing interface (owing to
the difference of mica and clay in terms of surface roughness),
thereby leading to higher shear strength values.

The conventional MohreCoulomb failure criterion, sp ¼ c þ sn
tanf, where c is the cohesion and f is the angle of internal friction,
was implemented using a total stress approach to arrive at the
apparent shear strength parameters c and f, and the results are
presented in Fig. 10. In terms of cohesion, the greater the mica
content, the lower the apparent cohesion, following an exponen-
tially decreasing trend. In contrast, the greater the mica content,
the higher the apparent angle of internal friction, which in turn
justifies the observed improvements in the shear strength at higher
normal stresses (see Fig. 9). The natural soil (M0) resulted in
c ¼ 81.35 kPa (f ¼ 9.4�), while the inclusion of 5%, 10%, 15%, 20%,
25% and 30% mica (M5 to M30) resulted in c ¼ 76.08 kPa, 74.64 kPa,
66.94 kPa, 60.86 kPa, 49.61 kPa and 39.8 kPa (f¼ 9.5�, 11.97�, 13.57�,
17.3�, 19.11� and 20.9�), respectively.

4.5. Clayemica interactions and scanning electron microscopy
analysis

Fig. 11aec presents the SEM micrographs for the natural soil
(M0) and the samples blended with 5% and 30% mica contents
(M5 and M30), respectively. The natural soil sample exhibited a
fully dense, uniform matrix, which was accompanied by a
limited number of rather small inter- and intra-assemblage
voids/pore-spaces, respectively, formed between and within
the soil aggregates; these morphological features warrant the
presence of an edge-to-face flocculated fabric (see Fig. 11a). The
inter-assemblage voids were formed during sample preparation,
or static compaction, and thus are proportional to the sample’s
initial/as-compacted void ratio, as presented in Table 3. How-
ever, the shape and extension of these voids may have changed
during the drying process of the SEM sample fabrication (see
Section 3.4), owing to the development of tensile stresses within
the fabric during desiccation (Soltani et al., 2018b). The sample
blended with 5% mica (M5) manifested a relatively loose, partly
uniform matrix, which was accompanied by a notable number of
more pronounced voids distributed along the soilemica in-
terfaces; such attributes indicate a transition towards an edge-
to-edge dispersed fabric (see Fig. 11b). As opposed to a floccu-
lated fabric, a dispersed fabric offers less resistance to external
loading and/or shear (Mitchell and Soga, 2005; Kim and
Palomino, 2009); this is consistent with the results obtained
from the UC and DS (at low normal stresses) tests outlined in
Sections 4.3 and 4.4. In the case of 30% mica inclusion (M30), an
edge-to-edge dispersed character clearly dominated the fabric,
as is evident with the presence of a fully loose, non-uniform
matrix accompanied by an increased number of relatively
larger pore-spaces (see Fig. 11c). As such, the degree of fabric
dispersion is proportional to the mica content, with higher mica
contents resulting in a more dispersed fabric and hence lower
strength resistance. The above discussion, however, only holds
provided that the mica-blended sample is tested under low
confinements. As is evident from the DS test results outlined in
Fig. 9, high confinements (or normal stresses) can alter the
fabric by providing a closer packing of the clay and mica
particles, thereby inducing frictional resistance at the shearing
interface, owing to an induced clayemica contact level, and thus
improving the shear strength performance.
5. Conclusions

The present study has arrived at the following conclusions:

(1) The liquid and plastic limits exhibited a linear, monotonically
increasing trend with increase in mica content. The rate of
increase in the plastic limit with respect to mica content was
observed to be approximately three-fold greater than that of
the liquid limit. As a result, the plasticity index experienced a
linear, monotonically decreasing trend with respect to mica
content, indicating a gradual transition towards an NP
character.

(2) The mica content influenced the optimum water content of
the clay soil, following a linear, monotonically increasing
trend. In contrast, the maximum dry unit weight exhibited a
linear, monotonically decreasing trend with respect to mica
content. Compaction problems associated with micaceous
soils was attributed to mica’s high water demand, as well as
its soft, spongy fabric which promotes a rebound response to
compaction energy.

(3) As a result of mica inclusion, the stressestrain response, under
UC loading conditions, progressively transitioned towards a
strain-softening character and hence a more dramatic, brittle
failure. The UC parameters including strength, ductility,
toughness and stiffness were all adversely affected by mica,
with higher mica contents exhibiting lower UC parameters,
following an exponential tendency for reduction.

(4) In most cases, the stressedisplacement response, under DS
testing conditions, exhibited a strain-hardening behavior.
This effect, however, was slightly less pronounced for sam-
ples with higher mica contents, such as 25% and 30%, at
higher normal stresses. At normal stresses equal to or less
than 200 kPa, the shear strength decreased with an increase
in mica content, while the opposite occurred at higher
normal stresses of 300 kPa and 400 kPa. The latter was
attributed to the compact packing of the clay and mica
components in the matrix under high confinement, which
offsets the adverse effects of mica by inducing frictional
resistance at the shearing interface.

(5) The apparent shear strength parameters, namely the cohesion
and the angle of internal friction, were also dependent on the
mica content. In terms of cohesion, highermica contents led to
lower cohesion values, following an exponentially decreasing
trend. In contrast, highermica contents led to increased angles
of internal friction; this behavior justifies the observed
improvement in shear strength at high confinements.
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Abbreviations

AS Australian standards
CI Clay with intermediate plasticity
CV Coefficient of variation
DS Direct shear
DUW Dry unit weight
MDUW Maximum dry unit weight
MH Silt with high plasticity
MI Silt with intermediate plasticity
NP Non-plastic
OWC Optimum water content
SD Standard deviation
SEM Scanning electron microscopy
UC Unconfined compression
USCS Unified soil classification system
UU Unconsolidated undrained
WC Water content
Notation

C Cohesion (DS test)
E50 Elastic stiffness modulus (UC test)
eopt Optimum void ratio
Eu Strain energy at peak (UC test)
Gs
M Specific gravity of ground mica

Gs
S Specific gravity of soil solids

IP Plasticity index
Mc Mica content (by mass)
qu Peak UC strength
R2 Coefficient of determination
Sa Specific surface area
SR Degree of saturation
wL Liquid limit
wopt Optimum water content
wP Plastic limit
gdmax Maximum dry unit weight
Dd Horizontal displacement
εu Failure axial strain (UC test)
h Rate of increase/decrease in shear strength with respect

to mica content
sn Normal stress (DS test)
sp Shear strength (DS test)
4 Angle of internal friction (DS test)
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